An in-situ color measurement method during heating in an oven is required for optimizing the oven cooking operation. However, conventional colorimetric apparatus is not applicable because such processes usually involve high temperatures and wet surfaces. In this study, we equip an oven chamber with optical fibers connected to a halogen light and spectrometer to perform the in-situ (real time) color measurement. To demonstrate the usability of this method, we observed the color change in white bread heated by hot air and superheated steam at 200℃ as a trial experiment, and compared results from two other types of colorimetric measurements of the samples after heating: a color image recording system using a digital camera, and a commercial spectrophotometer. We found that the value of L* decreased more quickly, and b* had a lower value for baking by superheated steam in comparison with baking by hot air at the same temperature.
Introduction
Color is one of the most important factors in determining food quality. A lot of research has been conducted on food color in the fields of food engineering, science, and drying (Kurokida et al., 2001; Iyota et al., 2001; Koyunch et al., 2003; Namsanguan et al., 2004) as well as cooking in Japan (Okuda, 2002; Tatsuguchi et al., 2003; Shidoji and Toko, 2003; Ohtani et al., 2003; Shibukawa et al., 2003) . The first quality judgment made by a consumer about food at the point of sale is based on its appearance. Therefore, producing delicious-looking food is one of the qualities required of cooking equipment, especially ovens. To optimize the baked food color and for optimizing oven design and operation, the color change during baking must be analyzed, which requires an in-situ (real-time) color measurement method during heating in an oven.
However, conventional colorimetric apparatus is not applicable to the measurement of color during food processing, because such processes usually involve high temperatures and wet surfaces. Furthermore, food color and the corre-sponding images are affected by observation conditions such as the direction of the light source, distribution of space, light intensity, light spectrum, and observational direction. Therefore, careful consideration of these conditions is necessary for properly recording food color information.
Focusing on the advances in oven technology in recent years, the steam oven and superheated steam oven, which supply steam to the oven chamber, are becoming popular for both home and industrial use. In the early stage of this type of oven heating, the steam condenses on the food surface and the surface temperature rapidly rises to dew point temperature (Iyota et al., 2001; Namsanguan et al., 2004; Mujumdar, 2004) . This process could strongly affect the surface color of products. However, heating conditions (dew point temperature, initial food temperature, and other heating conditions) in the oven chamber are not controlled actively and finely. Therefore, automatic control of the food color is difficult. In practice, in many cases, ovens are operated on an empirical basis by a human operator.
Based on these considerations, an in-situ (real-time) color measurement method during food processing under high temperature using a spectrometer and an optical fiber probe has been developed. To demonstrate the performances of this domestic consumption (Yamazaki Co. Ltd., Morning harmony, 6 slices). The initial weight of the sample was 6.1 g ± 0.68 g, and the crumb had a thickness of 15 mm. The temperature of the samples at the onset of heating was approximately 15℃.
To investigate the accuracy of this color measurement, a color chart (X-Rite, Inc., ColorChecker Classic) consisting of 24 calibrated color chips was used as a reference. The chips were cut from the chart for color measurement in the oven at room temperature.
Theory of spectroscopic color measurement A continuous spectrum light (halogen lamp) was used to obtain the spectral reflectance of an object surface with a spectrometer in this spectroscopic method, as shown in Table 1 . The relative reflectance spectrum of the sample, ρ(λ), was derived from the reflectance spectrum of a white diffuser (Labsphere, Inc., Spectralon), ρ std (λ) (= 0.99), and of a sample, ρ sample (λ), using Eq. (1).
The measured spectral sample data at 0 s, 900 s, and 1800 s are shown in Fig. 2 . The spectral reflectance across the entire band decreased as time elapsed. This indicates that the lightness of the surface decreased. There is also a greater decrease in reflectance in the shorter band than in the longer band, indicating that the redness increased.
The Commission Internationale de l'Eclairage (CIE) recommends the standard illuminant D65, daylight with color temperature 6500 K, and the CIE 1931 color-matching functions for 2° observer and CIE 1964 color-matching functions for 10° observer. They also recommend using one of the standard illumination/observing geometries (CIE Publication, 2004) . Following these recommendations, in this study method, a standard color chart was measured in the actual oven chamber to investigate the accuracy of this method. An in-situ spectroscopic color measurement during baking with hot air (HA) or superheated steam (SHS) in the oven was performed. White bread crumbs were used as sample food. The L*a*b* values of the samples after heating measured by this method were compared with the data obtained by two other methods: a photo-dome image recording system using a digital camera (Iyota et al., 2010) , and a commercial spectrophotometer serving as a standard method. The differences in measured values and characteristics of these color measurement methods were investigated.
Materials and Methods
Heating conditions and materials Figure 1 shows the optical measurement devices used for in-situ color measurement; their dimensions are also shown in the figure. The characteristics of the optical setup and devices are shown in Table 1 , which also shows the characteristics of the two other methods used in this study.
A steam microwave oven designed for home use (Panasonic Corporation, NE-V300) was modified for this research. The heating medium was supplied to the chamber from the left side through a Pyrex glass pipe and suctioned from the chamber by a small exhaust blower placed outside of the oven. The experiment was conducted twice, 1st trial (Try.1) and 2nd trial (Try.2), with different glass pipes and baking times. In the 1st trial, the baking time was 1800 s and θ of the glass pipe was 20°. In the 2nd trial, the baking time was 720 s and θ of the glass pipe was 45°. The value of θ could affect the homogeneity of the surface color, but we assumed that the effect of the angle on color change of the center part was negligible. The color of the sample after the 2nd trial was measured using a digital camera (photo-dome image recording system) and a spectrophotometer and then the results were compared.
The condition of the heating media at the inlet was regulated to a predetermined temperature. In this experiment, HA generated from room air and SHS generated from atmospheric steam heated by an electric heater were used as heating media. Its temperature was set to 200℃, with a crosssectional average flow velocity in the glass pipe set to 1.5 m/s. When the sample material was placed in the oven chamber, the supply of heating media to the chamber was stopped for a few seconds. After closing the door, the supply of the media was restarted and color measurement began. The spectral color data were recorded every 5 s.
As a sample food material, a bread crumb was cut into a circular piece having a diameter of 50 mm using a tubular stamp. The sample was obtained from a sliced loaf bread for we obtain the CIE 1931 tristimulus values X, Y, and Z of an object's surface color and the illumination/observing geometries as shown in Table 1 . The tristimulus values X, Y, and Z were calculated using the following equations (11):
where S(λ) is the daylight D65 spectral intensity, and x (λ), ȳ (λ), z (λ) are the color-matching functions of a standard colorimetric observer. K is a normalizing constant defined as Eq.
(5). (Baked by hot air, 2nd trial) illuminated by indirect light. In this method, a digital camera (CANON, EOS Kiss, three-color photodetectors) was used as a color detector. The RAW-type image format was used for recording to avoid the automatic color and imaging processing function of the camera.
Before recording the food sample image, the X-Rite White Balance Card was set on the stage and recorded for shading correction. The suitable white image for correction required that the R, G, B values be as large as possible and not saturated (less than 255). The L* values are locationdependent, because of lens aberration and nonuniform lighting conditions. Therefore, all pixels of the image data of food were corrected for shading as if under homogeneous lightness based on the white image.
The images of the food samples with X-Rite Color-Checker Mini (ColorChecker Passport was also available) as a standard 24-color chart on the stage were recorded by the digital camera, and corrected for shading. Then, the original image was color corrected using a standard six-step grayscale chart. We coded and developed image processing software for these corrections using the freeware programming language, Python.
The corrected image has three color values R, G, and B in sRGB format for each pixel. We converted these sRGB data to CIE 1976 L*a*b* values. First, color values in sRGB data are transformed from 8-bit to a 0 -1 scale by Eq. (13). The values of R, G, and B range from 0 to 255, and the values of R′, G′, and B′ range from 0 to 1.
These R′, G′, and B′ values were then linearized using the following equations:
The tristimulus values X, Y, and Z were calculated using the following equation: 
The tristimulus values X, Y, and Z are, however, not directly correlated with color attributes such as lightness, chroma, and hue. They are usually transformed to well-correlated values with color attributes using a color appearance model; the CIE 1976 L*a*b* color space is widely used and is used throughout this paper. L*, a*, and b* are calculated as follows:
The color difference ΔE* ab is defined as follows:
ΔE* ab = [(ΔL*) 2 + (Δa*) 2 + (Δb*) 2 ] 1/2 (10)
Xn, Yn, and Zn are the tristimulus values of the perfect diffuse white surface (Xn, Yn, Zn) = (95.043, 100.000, 108.879) for the standard illuminant, D65.
In the L*a*b* color space, L* is the approximate correlate of lightness, and a* and b* are the correlates of rednessgreenness and yellowness-blueness, respectively. The chroma correlate, C* ab , and hue angle, h ab , are also calculated as follows:
Photo-dome image recording system using a digital camera Measurement data obtained by a commercial spectrophotometer are the average values of the measured object area, and the optical measurement conditions are standardized. However, food color measurements are required for recording the spatial color data (images) and comparing foods after different heating conditions and using different equipment, as well as for evaluating the quality of food. For this requirement, we have developed a color image recording system using a spherical photo-dome, as shown in Fig. 3 . (Iyota et al., 2010) The characteristics and measurement conditions are shown in Table 1 . A spherical dome with a diameter of 600 mm, whose inner surface was painted white, was used as the integrating sphere. The object (food) was placed in the middle of the dome. Two D65 fluorescent lamps powered by a high-frequency inverter power supply were placed below the object as the light source. Thus, the object could only be in Fig. 4 . Three measuring points were selected, and the measurements were repeated three times to calculate the average.
Results and Discussion
In-situ spectroscopic color measurement in oven Before the in-situ measurement of the food sample, 24 calibrated color chips were measured in the oven chamber. Table 2 shows the differences between the standard chart reference Commercial Spectrophotometer A commercial spectrophotometer (Konica-Minolta Co., Ltd., CM-2600d) with an integrating sphere and a photodetector was used. The characteristics and the conditions of this method are shown in Table  1 . The food object was wrapped with a thin plastic film (food wrap), because a part of the sphere should contact the wetted object during color measurement. Schematics of the color measuring field of this method and other methods are shown unit is very precise; one-CIELAB unit is defined as a noticeable difference for an experienced observer, and a difference of 2 -3 is defined as a noticeable difference for a naïve (nonexperienced) observer. The measurement data of this in-situ measurement, even with the color difference (error), could be important information for developing regulations and operating the oven. In addition, in the case of baking bread crumbs, the colors close to white (No. 19), dark skin (No. 1), and light skin (No. 2) were observed. These colors had relatively small differences (ΔE* ab < 5.5) between the reference and the values and the measured values by the 1st trial and 2nd trial for ΔL*, Δa*, Δb* and ΔE* ab of the 24 colors. The average values of differences, ΔE* ab , were 7.56 in the 1st trial and 3.38 in the 2nd trial. From color measurement aspects, acceptable color difference will be less than 5, because 5 in the L*a*b* system means 0.5 in the Munsell color system, which is a popular system for the visual evaluation of color. The scale of the Munsell system roughly corresponds to a tenth of the L*a*b* system scale (Newhall, 1943; JIS Z8721-1993) . CIELAB reached the maximum value, the lightness was approximately 68 in all cases. The European standard (European Standard 2009) states that, for example, the browning of white bread by a grill is acceptable within a lightness range of L* = 74.1 to 41.5. The value of 68 lies within this range.
A photo-dome image recording system using a digital camera The color differences between the standard chart reference values and the measured values for ΔL*, Δa*, Δb* and ΔE* ab of the 24 colors are shown in Table 3 . The average value of the differences, ΔE* ab , was 4.43. Figures 7 (a) and (b) show histograms of L*, a*, and b* of the sample after being baked with SHS and HA for 720 s and analyzed from corrected images of the recorded sample image (2250 × 1500 pixels). The black part in the figures shows the histogram of the center area of the sample, which was almost the same as the area measured by the optical fiber probe. measured values. The 24-color average difference of 7.56 is not negligible, but could be acceptable for this trial. Figures 5 (a) -(c) show the measurement results of bread crumbs during heating; the values of L*, a*, and b* were calculated by Eqs. (1) -(9) using spectral data. The browning process with time for each heating medium can be understood from these figures. For instance, under the SHS condition, the value of L* decreased from around 85 to 35, for 1800 s, as shown in Fig. 5 (a) . This is faster than the decrease under other conditions of HA. The values of a* and b* increased from the time L* started to decrease at around 650 s. The 1st trial and 2nd trial show almost identical tendencies. The value of b* decreased to almost its initial value in the case of SHS, as shown in Fig. 5 (c) .
From these measured data, the relationship between a* and b* was determined in Fig. 6 (a) . The b* values in the case of SHS are slightly lower than those in HA. Figure 6 (b) shows hue angle (h ab ) vs. lightness L*. As previously reported, a straight-line approximation can be used for each heating medium (Kure et al., 1997) . as accurate as possible for the intended purpose. A strong relationship exists between color and emotion Sakai and Nayatani, 2009 ). Properly browned toast, fish, steak, and other foods are known to stimulate the appetite. Producing delicious-looking food is one of the qualities required of cooking equipment, and the preferred color of food strongly depends on one's ethnic or cultural background. For the next step, it is necessary to accumulate data on food color preference and to develop a browning control method with an optical measurement system for cooking equipment.
Conclusion
Based on both theoretical considerations and the requirements of the food industry and food machinery developers, an in-situ color measurement system using a spectrometer and an optical fiber probe has been developed. To demonstrate the usability of this measurement method, we observed the color change in white bread heated by HA and SHS at 200℃ as a trial experiment. The average values of color differences, ΔE* ab , were 7.56 in the 1st trial and 3.38 in the 2nd trial. In the case of heating with SHS, the value of L* decreased more quickly and b* had a lower value than it had in the case of heating with hot air. The color difference between the measured values by the new methods and commercial spectrophotometer was less than 5.5 in this trial. When performing measurements using an optical fiber or a commercial spectrophotometer, only the average value of the space is detected. However, the image data show some other color information of the object, such as histograms, as shown in this figure. The shape of the histogram in the case of SHS is sharper than that in the case of HA.
For this analysis, bread crumbs baked for 720 s were used. In the case of SHS, the a* and b* values reached maximum values, as shown in Figs. 5 (b) and (c); the baking time could affect the histogram shape. The type of food material, food size, and heating conditions, including heating media, also could affect the uniformity of color. This image recording method facilitates investigation of these effects.
Comparing three measured values and discussion The measured values of the samples from the 2nd trial as obtained by the three measurement methods are shown in Table 4 . The maximum difference of ΔE* ab is around 6.2 between the insitu measurement and digital camera measurement (center), and 5.5 between the in-situ measurement and measurement involving the spectrophotometer in the case of SHS.
When the object is translucent, such as a bread crumb or human skin, a part of the light for color measurement could pass through the material. The L* values measured by the spectrophotometer (contact colorimeter) were lower than those measured by the other methods, because the lighting area for the spectrophotometer is smaller than that for the other methods. Actually, the food was placed on the table under lighting from the surrounding wall and light source; therefore, the perceived color on the table will be close to the values obtained by in-situ measurement and photo-dome measurement.
In this report, the performance of the in-situ spectroscopic color measurement method was investigated by practical trials. This method can be applied for optimizing automatic oven operation, as well as for optimizing the technical advantages of a steam oven. This in-situ color measurement method and the photo-dome image recording system were developed based on the requirements of the food industry and food machinery developers. Therefore, the measurement method should be easy to use (simple and inexpensive) and 
